The severe erosion damage, which is caused by a molten lead-free solder, of wave solder equipment made into stainless steel has been encountered in operation. Then, the higher maintenance frequency and reduced life time of wave solder machine component is a serious issue in a manufacturing process. In this study, the evaluation method of erosion of stainless steel by molten lead-free solders was investigated using micro-focus X-ray systems for fluoroscopic and computed tomography (CT). As a result, it was found that the fluoroscopic image could truly reconstruct the cross-section shape of the stainless steel sample after immersion test without destruction. In the case of X-ray systems for fluoroscopic and CT used in this study, three-dimensional data can be obtained. Therefore, it was possible to easily check the whole picture of the test sample after immersion test and to decide the maximum erosion depth of test sample.
Introduction
The use of lead-free solder is expanding widely in the world.
Among various lead-free solders, Sn-Ag(-Cu) system solders are currently considered the most promising lead-free solders for wave and reflow soldering process. In order to develop lead-free soldering technology, considerable research efforts into characteristics of lead-free solder are in progress [1] [2] [3] [4] [5] [6] [7] [8] [9] . In lead-free soldering, the operation temperature is higher than in conventional Sn-Pb soldering processes due to the high melting temperatures of Sn-Ag(-Cu) system solders. Then, the high reaction rate of metals in molten lead-free solders, that is the high dissolution rate of metals, has been recently pointed out as the basic characteristic of lead-free solder. For example, Takemoto et al. 10) showed that iron does dissolve in molten solder, and the dissolution rate of iron in lead-free solders is greater than that in the conventional Sn-Pb eutectic solder.
Particularly, the dissolution of iron and stainless steel during soldering presents a serious issue for manufacturing equipment such as wave soldering baths and soldering-iron tips. Concerning the soldering-iron tip, Nishikawa et al. 11) investigated the dissolution of plated iron in a molten solder to reveal the reaction between lead-free solder and plated iron on soldering-iron tips.
As a result, it has been made clear that the dissolution of plated iron into a molten lead-free solder is largely attributable to the grain size of the plated surface, and the rate decreased with the increase in the grain size.
Meanwhile, the severe erosion damage of wave solder equipment made into stainless steel has been encountered in operation. So the higher maintenance frequency and reduced life time of wave solder machine component is a serious issue in a manufacturing process. Therefore, it is necessary to study the erosion mechanism of stainless steel by molten lead-free solders.
In this study, the evaluation method of erosion of stainless steel by molten lead-free solder was investigated using micro-focus X-ray systems for fluoroscopic and computed tomography (CT) to establish the measuring method of the maximum erosion depth. And the effect of the experimental conditions on the erosion depth of stainless steel was studied.
Experimental procedure
In order to investigate the erosion characteristics of stainless steel into molten lead-free solder, the immersion test on stainless steel was performed. Figure 1 shows the experimental apparatus 
used for the immersion test on the stainless steel sample. The test samples were vertically immersed and rotated at a fixed rate in a molten solder bath maintained at a fixed temperature.
Experimental conditions were summarized in Table 1 . After the immersion test, the erosion depth was measured by using a micro-focus X-ray system. Figure 2 shows the shape and size of test sample fabricated in this study. The measurement positions called "location 1" and "location 2" were as noted in this figure.
The test sample was made of the 304 stainless steel. Figure 3 shows the fluoroscopic images of the test sample after the immersion tests, which correspond to the location 1 (a) and location 2 (b) in Fig. 2 For each location, horizontal part, curve part and vertical part were defined as shown in Fig. 3 . The maximum erosion depth was respectively measured for three different parts. By using a micro-focus X-ray system for fluoroscopic and computed tomography (CT), it is capable of finding the maximum erosion point and measuring the maximum erosion depth without destructive cutting. The maximum erosion depth was expressed by the following equation:
whereΔd is the maximum erosion depth, h 0 the thickness of the test sample before the immersion test, and h 1 the minimum thickness of the test sample after the immersion test. The erosion depth refers to the loss of thickness of the test sample. Tables 2 and 3 show the chemical compositions of lead-free solder and stainless steel specimen used for the immersion test.
Results and discussion
It is difficult to accurately inspect the maximum erosion depth by destructive cross-sectional observations, because the destructive observation can only estimate one cross-section.
Recently micro-focus X-ray systems for fluoroscopic and computed tomography (CT) attract attention for the capability of inspecting inner failure without destructive cutting, and they tend to be crucial for non-destructive failure analysis in electronics industry. Thus, a micro-focus X-ray system was tried to inspect the maximum erosion depth of stainless steel after the immersion test in molten lead-free solder. Figure 4 shows examples of fluoroscopic images and optical microscope (OM) images for stainless steel samples after the immersion test at 673 K for 384 h. 
The rotation rate of the sample was 100 rpm. Compared with cross-section shapes between fluoroscope image and OM image, these images were very similar with each other. For example, both images showed erosion occurred at the curve part of location 1 and the vertical part of location 2. It is visible for both images to change from an original shape and to narrow the parts down. Figure 5 shows the erosion depth of the 304 stainless steel sample immersed in a molten solder for 384 h as a function of solder bath temperature, which was respectively measured by using micro-focus X-ray systems and optical microscope. The measured part was the curve part of location 1 and location 2. The rotation rate of the sample was fixed at 100 rpm. In both cases, the erosion depth increased with the increase of the solder bath temperature. Compared with erosion depth between X-ray system and OM, the erosion depth measured by X-ray system was larger than that by OM regardless of the location of stainless steel sample. Similar results were found for all the other test conditions.
So it was found that the fluoroscopic image could truly reconstruct the cross-section shape of the stainless steel sample after immersion test without destruction. In the case of X-ray systems for fluoroscopic and CT used in this study, three-dimensional data can be obtained. Therefore, it was possible to easily check the whole picture of the test sample and to decide the maximum erosion depth of test sample. As a result of the immersion test, it was clear that the maximum erosion depth of the SUS304 stainless steel was affected by the conditions, which were the solder bath temperature, the flow rate of the solder and the immersion time.
Conclusions
The evaluation method of maximum erosion depth of the SUS304 stainless steel by the molten lead-free solder was investigated using micro-focus X-ray systems for fluoroscopic and computed tomography. And the effect of the experimental conditions on the erosion depth of stainless steel was studied. The main results obtained in this study are summarized as follows.
(1) The fluoroscopic image could truly reconstruct the cross-section shape of the stainless steel sample after immersion test without destruction. (3) The maximum erosion depth of the SUS304 stainless steel immersed in a molten lead-free solder was strongly affected by the conditions such as the solder bath temperature, the flow rate of the solder and the immersion time.
